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The RNA-dependent RNA polymerase of Sendai virus consists of two subunits, the L and P proteins, where L is thought
to be responsible for all the catalytic activities necessary for viral RNA synthesis. Sequence alignment of the L proteins of
a variety of negative-stranded RNA viruses revealed six regions of good conservation, designated domains I–VI, which are
thought to correspond to functional domains of the protein. Analysis of a number of site-directed mutants within the six
domains of L allowed us to conclude that the activities of the polymerase are not simply compartmentalized and that each
domain contributes to multiple steps in viral RNA synthesis. Nevertheless these domains can function in trans since we
demonstrate here that intragenic complementation between pairs of coexpressed inactive L mutants can restore viral RNA
synthesis on an added template. Although intragenic complementation is typically very inefficient, complementation to
restore leader RNA synthesis was surprisingly very efficient for some pairs and complementation of mRNA synthesis and
genome replication was less, but still significant. Complementation occurred with L mutants in five of the six domains, the
exception being a domain III mutant, and required the cotranslation of the two L mutants. C-terminal truncations deleting up
to half of L were capable of restoring transcription of an inactive domain I L mutant at amino acid 379. Oligomerization of
L in the polymerase complex was demonstrated directly by the co-immunoprecipitation of differentially epitope-taggeddomains each of which exhibits several functions. © 2002
INTRODUCTION
Sendai virus is a member of the respirovirus genus of
the Paramyxoviridae virus family and has a linear, single-
stranded, negative-sense, nonsegmented RNA genome
of 15,384 nucleotides (nt) (Lamb and Kolakofsky, 2001).
The genome is completely encapsidated by the virus-
encoded nucleocapsid protein (NP), rendering the ge-
nome nuclease-resistant. This ribonucleoprotein com-
plex, or nucleocapsid, serves as the template for all viral
RNA synthesis. The viral RNA-dependent RNA polymer-
ase consists of two virus-encoded subunits: the phos-
phoprotein [P, 568 amino acids (aa)] and the large (L,
2228 aa) protein. The L protein complexes with P protein
in a ratio of 1:4 to form the functional polymerase (Curran
et al., 1995; Tarbouriech et al., 2000a,b). The P subunit of
the polymerase functions in the stabilization and proper
folding of L, as coexpression of P and L, is necessary for
complex formation, and L is unstable in the absence of P
(Horikami et al., 1992, 1997).
To initiate RNA synthesis the polymerase initially binds
the 3 end of the nucleocapsid template through the P
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subunit (Horikami and Moyer, 1995). Transcription of the
viral genome occurs in a sequential, polar manner in the
order 5 le-NP-P/C/V-M-F-HN-L 3. The first transcrip-
tion product is the 55-nt le RNA which is not further
modified, while the mRNAs are capped, methylated, and
polyadenylated (Lamb and Kolakofsky, 2001). Replication
differs from transcription in that the nascent RNA is
encapsidated by NP, and the product of the first round of
replication is a full-length ()-sense antigenomic nucleo-
capsid, which then serves as the template for the repli-
cation and encapsidation of ()-sense genomes. The
small copy-back defective-interfering particle (DI-H) of
the virus used in the replication studies contains only a
portion of the L gene with complementary 3 and 5 ends
(Myers and Moyer, 1997).
The L subunit of the polymerase is thought to possess
all the enzymatic activities associated with RNA synthe-
sis, including initiation, elongation, termination, capping,
methylation, and polyadenylation. Studies with vesicular
stomatitis virus (VSV) have confirmed that polyadenyla-
tion, methyltransferase, and kinase activities are associ-
ated with the L protein (Hammond et al., 1992; Hercyk et
al., 1988; Horikami and Moyer, 1982; Hunt and Hutchin-
son, 1993), and a kinase activity is associated with the
Sendai L protein (Einberger et al., 1990). Sequence com-full-length and truncated L proteins. These data are consis
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vealed six conserved regions designated domains I–VI
(Fig. 1) (Poch et al., 1990; Sidhu et al., 1993). Domains II,
III, and VI contain motifs found in other polymerases,
where domains II and III have been proposed to consti-
tute the polymerase module of the L protein (Jablonski et
al., 1991; Muller et al., 1994), and domain VI contains a
motif for a putative purine-binding site. Domains I, IV, and
V have no recognizable motifs. It was also shown that in
VSV L a single amino acid change located between
domains V and VI leads to an aberrant hyper-polyade-
nylation phenotype (Hunt and Hutchinson, 1993).
Initially it was thought that each conserved region in
the L protein might participate in just one of the catalytic
activities and that the nonconserved regions may serve
as hinges for the folding of the protein (Poch et al., 1990;
Sidhu et al., 1993). Our characterization of Sendai L
proteins has shown that mutations in each of the six
domains leads to a complicated variety of defective RNA
synthesis phenotypes. The following mutations in each
of the six domains rendered the polymerase virtually or
completely inactive in all RNA synthesis: L1, L7, and L15
in domain I (Chandrika et al., 1995); K543H (Smallwood et
al., 2002) and 2–1, 2–2, 2–4, 2–5, and 2–6 in domain II
(Smallwood et al., 1999); E740S in domain III (Smallwood
et al., 2002); SS3, SS9, and SS11 in domain IV (Feller at
al., 2000); SS21 and SS24 in domain V (Cortese et al.,
2000); SS12 in domain VI (Feller et al., 2000); as well as
C1571H and C1571R located between domains V and VI
(Horikami and Moyer, 1995). Thus all these amino acids
are essential for activity. SS3 was unusual in that it was
temperature sensitive (ts) (Feller et al., 2000) and defec-
tive only at higher temperatures. None of the other inac-
tive mutants were ts (data not shown).
Other L mutants in a number of domains could be
grouped together based on a common set of defective
phenotypes, for instance, the ability to synthesize le
RNA but not mRNA, or the ability to transcribe but not to
replicate. These data suggested that each region of the
protein contributes to multiple steps in RNA synthesis
and that while the domains may be unique, they also
have properties in common. The question then is
whether these domains act independently of one another
or are required in concert for RNA synthesis. We took
advantage of representative inactive mutants from
throughout the length of L and showed that coexpression
of some pairs of inactive mutants from different domains
can complement one another and restore viral RNA syn-
thesis. Positive intragenic complementation with these L
mutants and a direct demonstration of an L–L interaction
suggest that L protein is an oligomer in the viral RNA
polymerase complex.
RESULTS
The importance of the C-terminal region of the
Sendai L protein
While the requirement of sequences within each of the
six domains for RNA synthesis had been established,
little is known about the C-terminal portion of the protein.
Therefore we tested the importance of these sequences
using C-terminal truncations constructed as described
under Materials and Methods. The DraIII-KpnI, MfeI-
KpnI, BstXI-KpnI, and StuI-KpnI truncations deleted 10,
78, 95, and 332 amino acids, respectively, from the C-
terminal end of the 2228 amino acid L protein. For refer-
ence the MfeI-KpnI (Mfe) deletion is shown, together
with a number of previously characterized mutants in L in
Fig. 1. The synthesis and stability of the mutant proteins
was monitored by infecting A549 cells with VVT7 fol-
lowed by transfection with the P and the indicated trun-
cated L plasmids. The cells were labeled with Express-
35S overnight and total protein synthesis was determined
by SDS–PAGE. Each of the L mutants was synthesized at
levels similar to wild-type (wt) L and showed an appro-
priate increased mobility with the increasing size of the
truncation (Fig. 2A). P was uniformly synthesized in all
the samples.
To test the activity of the proteins in mRNA synthesis
VVT7-infected cells were transfected with the P and the
indicated truncated L plasmids. Cell extracts were incu-
bated with polymerase-free wt Sendai RNA-NP template
and [-32P]CTP and total RNA was isolated and analyzed
FIG. 1. Schematic of the Sendai L protein. The locations of domains I–VI conserved in the L proteins of paramyxoviruses (Poch et al., 1990; Sidhu
et al., 1993) are indicated by the boxes. The locations of the boundaries of each conserved domain are indicated by the amino acid positions above
the boxes. The carets indicate the sites of mutations in Sendai L that were previously characterized as cited in the text. The positions of the
site-directed L mutants used in these studies are indicated below. Mfe is a deletion of the C-terminal 78 amino acids.
236 SMALLWOOD, C¸EVIK, AND MOYER
as described under Materials and Methods. As an im-
portant control in the absence of viral proteins, no mRNA
synthesis occurred with added template, showing that
the template was completely stripped and did not have
any remaining endogenous polymerase (Fig. 2B, Lane 1).
However, an extract with P and wt L and template gave
the synthesis of full-length NP and P transcripts (Fig. 2B,
Lane 2). The DraIII-KpnI truncation, removing 10 aa,
retained 29% of the activity of wt L, while the mutants
with longer truncations were completely inactive in tran-
scription (Fig. 2B, Lanes 3–6). To test for activity of the
proteins in genome replication, the infected cells were
transfected with the P, NP, and truncated L plasmids and
cell extracts were incubated with polymerase-free DI-H
RNA-NP template and [-32P]CTP. Nuclease-resistant
RNA was isolated and analyzed by gel electrophoresis.
There was no replication of the DI template in mock
extracts which lack viral proteins, showing that no en-
dogenous polymerase remained with this template,
while addition of extracts with P and wt L gave good DI-H
RNA replication (Fig. 2C, Lanes 1 and 2). Similar to the
results for transcription, with the exception of DraIII-
KpnI which gave some activity (18% of wt L), the trun-
cated L proteins were inactive in DI replication. Thus
even a C-terminal L deletion as short as 10 amino acids
significantly impaired viral RNA synthesis, while the fur-
ther truncations completely inactivated activity. There-
fore, the C-terminal region of L is essential for both viral
transcription and replication.
Complementation of viral transcription with pairs of
defective L mutants
The hypothesis that the individual domains in L protein
can contribute independently to the different steps in
RNA synthesis can be tested by asking whether pairs of
inactive mutants from different regions of the protein can
complement each other and restore viral RNA synthesis.
We utilized a representative mutant from different re-
gions of L and the deletion mutant lacking 78 aa from the
C-terminus (MfeI-KpnI, designated here as Mfe) (shown
in Fig. 1, bottom). Each of these L mutants expressed
with P is synthesized at levels similar to wt L, but is
nearly or completely inactive in viral RNA synthesis
(Chandrika et al., 1995; Cortese et al., 2000; Feller et al.,
2000; Horikami and Moyer, 1995; Smallwood et al., 1999;
Fig. 2). A minimum assay for positive complementation
would be to restore synthesis of le RNA, the first
transcription product from the template. VVT7-infected
cells were transfected with P and either the individual
inactive mutant L plasmids alone or as pairs of inactive
mutants. Cell extracts were prepared and incubated with
wt polymerase-free RNA-NP in the presence of unla-
beled nucleotides. Total RNA was isolated and analyzed
by Northern blot using a le-specific probe as described
under Materials and Methods. In mock extracts without
viral proteins there was no le RNA synthesis, showing
that the template was free of endogenous polymerase
activity (Fig. 3, Lane 1). Extracts with the wt P and L
proteins gave significant synthesis of the 55-nt le RNA
(Fig. 3, Lane 2), as well as a somewhat variable series of
longer read-through products as previously observed
(Vidal and Kolakofsky, 1989; Horikami and Moyer, 1995).
When the individual mutants were expressed alone with
FIG. 2. Activity of C-terminal truncations of Sendai L in RNA synthesis
in vitro. VVT7-infected cells were mock transfected () or transfected
with the P and the indicated wt or truncated L plasmids. (A) The cells
were radiolabeled with Express-35S and protein from a cytoplasmic cell
extract analyzed by SDS–PAGE. (B) For transcription in vitro cytoplas-
mic cell extracts were prepared after incubation overnight without
radiolabeled amino acids and incubated with Sendai wt polymerase-
free RNA-NP and [-32P]CTP. Radiolabeled RNA was isolated and
analyzed by agarose-urea gel electrophoresis as described under
Materials and Methods. The position of the NP and P mRNAs, which
comigrate, is indicated. (C) For replication the infected cells were mock
transfected () or transfected with the P, NP, and the indicated wt or
truncated L plasmids. Cytoplasmic extracts were incubated with poly-
merase-free DI-H RNA-NP and [-32P]CTP. Nuclease-resistant radiola-
beled RNA was isolated and separated by agarose-urea gel electro-
phoresis. The position of the DI-H RNA is indicated.
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P, no le RNA was synthesized by L15 (domain I), SS12
(domain VI), and the C-terminal deletion Mfe (Fig. 3,
Lanes 3, 5, 6), while C1571H (located between domains
V and VI) gave a small amount of synthesis (Lane 4) as
described previously (Chandrika et al., 1995; Feller et al.,
2000; Horikami and Moyer, 1995; Smallwood et al., 1999).
However, when L15 was expressed together with either
C1571H, SS12, or Mfe in the presence of P, significant
levels of the 55-nt le RNA were synthesized (30–42% of
wt L after subtraction of the background of the individual
mutants alone) (Fig. 3, Lanes 7–9), showing that these
pairs of inactive L mutants can complement one another.
Other pairs of L mutants gave less, but reproducible,
complementation. For example, coexpression of Mfe
with SS12 or C1371H with SS12 gave 9 and 6% activity
over the level of the individual mutants alone, respec-
tively; however, coexpression of Mfe with C1571H was
barely over the background level of the mutants alone
(Fig. 3, Lanes 10–12).
The synthesis of viral mRNAs follows le RNA syn-
thesis. To test for the complementation of mRNA synthe-
sis, VVT7-infected cells were transfected with the P plas-
mid and representative mutant L plasmids from several
of the different regions alone or in pairs, as shown in Fig.
3. Cell extracts were prepared and incubated with wt
polymerase-free RNA-NP template and [-32P]CTP, and
total RNA was isolated and analyzed as described under
Materials and Methods. In extracts lacking viral proteins
() there was no mRNA synthesis showing the absence
of endogenous polymerase on the template; however,
extracts expressing the wt P and L proteins synthesized
full-length NP and P transcripts from the template (Figs.
4A and 4B, Lanes 1 and 2). Extracts with P and the
individual L mutants, SS3 (domain IV), SS24 (domain V),
and C1571H (between domains V and VI), gave very little
mRNA synthesis (Figs. 4A, Lanes 4–6, and 4B, Lanes
5–7), while those with L15 (domain I), SS12 (domain VI),
the deletion Mfe, K543H (domain II), and E740S (domain
III), gave no mRNA synthesis (Figs. 4A, Lanes 3, 7, 8, and
4B, Lanes 3, 4, 8, 9). When L15 (domain I), which was
completely inactive alone, was coexpressed with mu-
tants in each of the different domains, there was in-
creased mRNA synthesis over that seen with each mu-
FIG. 4. In vitro mRNA synthesis with pairs of defective L mutants.
VVT7-infected cells were mock transfected () or transfected with the
P and the indicated wt or mutant L plasmids alone or in the indicated
pairs of (A) L15 with each mutant and (B) K543H with each mutant,
where the roman numeral in parentheses indicates the domain of the
mutation. Cytoplasmic extracts were incubated with wt polymerase-
free RNA-NP and [-32P]CTP, RNA was isolated and analyzed by aga-
rose-urea gel electrophoresis as described under Materials and Meth-
ods. The data were quantitated for three separate experiments and
expressed for the pairs as the percentage complementation (Comp.)
after subtracting the activity of the mutants alone compared to wt L as
100%. The position of the NP and P mRNAs is indicated.
FIG. 3. Le RNA synthesis with pairs of defective L mutants. VVT7-
infected cells were transfected either with no plasmids () or with the
P and the indicated wt or mutant L plasmids alone or in the indicated
pairs, where the roman numeral in parentheses indicates the domain of
the mutation. Cytoplasmic extracts were incubated with wt polymerase-
free RNA-NP in the presence of unlabeled nucleotides. Total RNA was
purified, separated by acrylamide-urea gel electrophoresis, blotted
onto nylon, and hybridized with an end-labeled oligonucleotide probe
complementary to le RNA as described under Materials and Meth-
ods. The data for the 55-nt band in two separate experiments were
quantitated and expressed for the pairs as the percentage complemen-
tation (Comp.) below after subtracting the value of the 55-nt band of the
mutants alone compared to wt L as 100%. The values varied by less
than 10%. The positions of le RNA and xylene cyanol dye (XC) are
indicated.
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tant alone. As is typical of intragenic complementation,
the level of complementation was low, from 2–11% of the
values for wt L (Fig. 4A, Lanes 9–13); however, the results
were reproducible with a variation of 10% in multiple
experiments. Increasing amounts of either L15 or SS12
had no effect on the level of complementation observed
(data not shown). Similarly, in Fig. 4B, different mutants
coexpressed with K543H (domain II), showed low but
reproducible activity (3–4% of wt L) above the level of the
mutants alone for three of the pairs, K543H with SS3,
SS24, and C1571 (Fig. 4B, Lanes 11–13), but no mRNA
synthesis when paired with E740S, SS12, and Mfe (Lanes
9, 14, and 15). Thus different levels of complementation
can occur with various pairs of mutants from different
regions of L protein.
Intragenic complementation requires cotranslation of
the two L mutants
Complementation of viral RNA synthesis with pairs of
mutant L proteins could occur either by the sequential
and independent action of two different mutant poly-
merases or by the L proteins as an oligomer within the
same polymerase complex. To distinguish these possi-
bilities, we compared L mutant pairs either coexpressed
or individually synthesized and later mixed before assay.
VVT7-infected cells were transfected with the P plasmid
and the mutant L plasmids from representative domains
alone and then recombined or as the indicated coex-
pressed pairs. Compared to mRNA synthesis with wt P
and L, each of the mutants alone gave little or no activity
(Figs. 5A and 5B, Lanes 2–5). When the pairs of mutants,
L15 and C1571H or L15 and SS12, were coexpressed,
there was complementation to restore some mRNA syn-
thesis (8–10% of wt L, Fig. 5A, Lanes 6 and 8) over the
background of the mutants alone, as shown above (Fig.
4). However, when each L mutant was expressed sepa-
rately with P and the extracts were subsequently mixed,
there was no mRNA synthesis over the background of
the mutants alone (Fig. 5A, Lanes 7 and 9). Similar
results were obtained for the mutants Mfe, L15, and
SS12. Mfe coexpressed with L15 or SS12 gave transcrip-
tion at 8 and 3% of wt L, respectively, above that of the
mutants alone (Fig. 5B, Lanes 6 and 8); however, when
each mutant was expressed separately with P and then
mixed, there was no activity (Lanes 7 and 9). These data
show that complementation occurs only when the L
mutants are coexpressed and suggests further that L is
an oligomer in the polymerase complex.
Experiments to test for complementation of mRNA
synthesis were performed for all possible combinations
of mutants in eight different regions of the L protein and
the data are summarized in Fig. 6. The mutant L15 in
domain I can complement mutants from domains IV to
the end of the protein, but not mutants in domains II and
III. K543H in domain II complemented only three other
mutants, while each of the other mutants complemented
mutants in five to six other positions across L, with the
exception of E740S in domain III, which showed no
complementation at all. Likewise one other mutant in
domain III also failed to complement any other mutant
(data not shown). Positive complementation with multiple
regions of L suggests that these mutant proteins are not
rendered completely nonfunctional as a consequence of
mutations in a single region of the molecule. When two
mutants in the same domain were tested, they did not
give complementation of transcription (data not shown).
While the levels are low, these data show that many
different regions of the L protein can act in trans to
complement one another and restore some level of func-
tion.
Defective L mutants complement each other in
replication in vitro
Different combinations of L mutants were also tested
for complementation to restore the ability to replicate the
DI-H genome. VVT7-infected cells were transfected with
the P and NP plasmids together with the wt or mutant L
plasmids alone or in pairs, as previously described for
FIG. 5. Complementation of mRNA synthesis occurred only during
coexpression of the L mutants. VVT7-infected cells were mock trans-
fected () or transfected with the P and the indicated wt or mutant L
plasmids alone or in the indicated pairs. Extracts of mutant poly-
merases expressed alone were mixed in samples indicated by the
asterisks in A and B. The cytoplasmic extracts were incubated with wt
polymerase-free RNA-NP and [-32P]CTP and mRNA was isolated and
analyzed as described under Materials and Methods. The position of
the NP and P mRNAs is indicated.
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the assay of le RNA synthesis (Fig. 3). Cytoplasmic
extracts were incubated with polymerase-free DI-H nu-
cleocapsids and [-32P]CTP. In the absence of viral pro-
teins no replication occurred, showing that the template
was free of endogenous polymerase (Fig. 7, Lane 1).
Significant nuclease-resistant, nucleocapsid-associated
RNA was synthesized in the presence of the wt viral
proteins (Fig. 7, Lane 2), while each of the L mutants
alone was nearly or completely inactive in DI replication
(Fig. 7, Lanes 3–6). The combinations of L15 with either
C1571, SS12, or Mfe showed low, but reproducible levels
of DI-H RNA synthesis (1–5% of wt L) above that of the
mutants alone (Fig. 7, Lanes 7–9), while the other three
pairs were inactive (Lanes 10–12). The three pairs that
were active in complementation of replication were also
active in complementation of transcription, although the
levels for transcription were somewhat higher, while the
other pairs inactive in replication did give some activity in
transcription (Fig. 6).
Truncations of L protein complement a defective
L mutant
The data are consistent with multiple independent
domains in the L protein, but the previous experiments
were all performed with full-length L proteins with the
exception of Mfe which has a small 78 aa C-terminal
truncation. We next asked if truncations of L more exten-
sive than Mfe, as shown in Fig. 8, could also complement
a defective L mutant. Progressive deletions from the
C-terminus give L proteins of the sizes indicated (Fig. 8),
where the L S-K (StuI-KpnI) truncation was described in
Fig. 2 and the other truncations were described previ-
ously (Chandrika et al., 1995). The defective mutant, L15,
which contains a three amino acid insertion at aa 379 in
domain I (Chandrika et al., 1995), was coexpressed with
P and the various truncations of L and assayed for mRNA
synthesis. Compared to wt L, L15 and each of the trun-
cations alone were completely inactive in mRNA synthe-
sis (Fig. 8, Lanes 2–6). When L15 was coexpressed with
the longer proteins, L S-K and L fs, the level of mRNA
synthesis was actually higher (15–26%, Fig. 8, Lanes 7
and 8) than that obtained in complementation by any of
the full-length mutants (2–11%, Fig. 6). Indeed, a protein
of 1147 aa, comprising the N-terminal half of L, also gave
transcription with L15 at levels on the same order as with
the full-length proteins (Fig. 8, Lane 9). These data clearly
show that the N-terminal half of L protein can act inde-
pendently to complement viral RNA transcription.
Sendai L protein forms an oligomer
The indirect evidence presented above suggested that
the L protein may oligomerize. To test this hypothesis
directly, full-length and truncated L proteins were first
differentially epitope tagged. HA or FLAG epitopes were
cloned in-frame at the 5 end of the L coding sequence
as described under Materials and Methods. Both tagged
FIG. 7. In vitro replication with pairs of L mutants. VVT7-infected cells
were either mock transfected () or transfected with the P, NP, and the
indicated wt or mutant L plasmids alone or in the indicated pairwise
combinations, where the roman numeral in parentheses indicates the
domain of the mutation. Cytoplasmic extracts were incubated with
polymerase-free DI-H RNA-NP and [-32P]CTP. Nuclease-resistant RNA
was isolated and analyzed as described under Materials and Methods.
The data from two separate experiments were quantitated and ex-
pressed for the pairs as the percentage complementation (Comp.) after
subtracting the activity of the mutants alone compared to wt L as 100%.
The values for the multiple experiments varied by less than 10%. The
position of the DI-H RNA is indicated.
FIG. 6. Complementation of mRNA synthesis with pairs of L mutants
in different domains. In multiple (three to four) experiments in vitro
mRNA synthesis was carried out as described in Fig. 4 for the coex-
pression of all possible pairs of the representative L mutants from the
eight regions shown in Fig. 1 (bottom). The data were quantitated and
expressed for the pairs as the percentage complementation (Comp.)
after subtracting the activity of the mutants alone and then compared to
wt L as 100%. The asterisks indicate that the self-crosses are defined
as zero. The values from the multiple experiments varied by less than
10%.
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full-length L proteins were expressed at wt L levels,
bound P, and were shown to be as active as wt L in viral
RNA synthesis in vitro (data not shown). The tagged
proteins were expressed in VVT7-infected cells by trans-
fection of the P plasmid and HA-L and/or FLAG-L plas-
mids separately or together. Analysis of total protein by
immunoblot with -HA antibody showed that HA-L was
detected when either expressed alone or together with
FLAG-L, and as expected, FLAG-L expressed alone did
not react with the -HA antibody (Fig. 9A, Lanes 1–3).
Conversely, immunoblot of total protein in these samples
with -FLAG antibody detected FLAG-L, but not HA-L
(Fig. 9B, Lanes 1–3), showing that the antibodies are
specific for the appropriately tagged proteins. Immuno-
precipitation of an extract expressing both FLAG-L and
HA-L with -FLAG followed by immunoblotting with -HA
showed that HA-L co-immunoprecipitated, indicative of a
FLAG-L/HA-L complex (Fig. 9A, Lane 6). In confirmation,
IP of this sample with -HA followed by blotting with
-FLAG showed that FLAG-L formed a complex with
HA-L (Fig. 9B, Lane 6). Similar analysis of either L protein
expressed alone showed no cross-reactivity, as ex-
pected (Figs. 9A and 9B, Lanes 4 and 5). Thus the data
suggest that the L protein is an oligomer in the polymer-
ase complex.
The activity of pairs of mutant L proteins in the comple-
mentation of viral RNA synthesis depended on their co-
expression (Fig. 5). To confirm the L–L complex formation
with proteins of different sizes and that complex forma-
tion was dependent on cotranslation of the proteins, we
coexpressed P with differentially tagged full-length L and
L BaK alone or together. L BaK contains the N-terminal
half of L which complements a domain I L mutant (Fig. 8).
Immunoblot of total cell extracts with both -FLAG and
-HA antibodies showed that the proteins were ex-
pressed (Fig. 9C). Samples of HA-L and FLAG-L BaK
expressed alone (Lanes 4 and 5) were mixed and the
samples were immunoprecipitated with -HA antibody,
followed by blotting with -FLAG antibody. For the L
proteins synthesized alone, there was no cross-reactivity
(Fig. 9D, Lanes 2 and 3) and no complex formation was
observed when HA-L and FLAG-L BaK were synthesized
separately and then mixed (Lane 4). However, FLAG-L
BaK was co-immunoprecipitated with HA-L by -HA
when the two proteins were coexpressed (Lane 5). There
was a very small amount of cross-reactivity of the HA-L
with the FLAG antibody in this sample, but it was not
observed in the other samples. These data confirm that
L–L complex formation occurs, and further, that it re-
quires the cotranslation of the proteins and the binding
site for oligomerization resides in the N-terminal half of L
protein.
DISCUSSION
The previous limited studies on the function of the L
protein of negative-strand RNA viruses have focused on
domain III, which contains a conserved GDNQ sequence
which is thought to be analogous to the GDD catalytic
site of the RNA polymerases of positive-strand RNA vi-
ruses (Poch et al., 1990; Sidhu et al., 1993). Mutation of
the GDNQ in the VSV, rabies, and bunyamwera L pro-
teins (Jin and Elliott, 1992; Schnell and Conzelmann,
1995; Sleat and Banerjee, 1993) did abolish RNA synthe-
sis in these systems, showing these were essential
amino acids. However, their specific function remains
unknown. Our approach to understanding the functions
of the L subunit of the Sendai virus RNA polymerase has
been to characterize site-directed mutations throughout
all of the conserved domains of the protein (Chandrika et
al., 1995; Cortese et al., 2000; Feller et al., 2000; Horikami
and Moyer, 1995; Smallwood et al., 1999). Mutations in all
six domains have been examined with the observation
that the same spectrum of defects in RNA synthesis have
been observed for each domain. These data suggest that
the different regions of L interact with one another with
respect to the individual steps in viral transcription and
replication. Thus the conserved domains identified in the
primary amino acid sequence alignments do not appear
FIG. 8. Truncated L proteins complement defective L15 transcription.
(A) Schematics of the wt L protein with domains I–VI and the C-terminal
truncations of L with the sizes of the proteins on the right. L S-K is the
deletion StuI-KpnI from Fig. 2 and the other mutants were described
under Materials and Methods. L15 is a 3 aa insertion at aa 379 in
domain I. (B) VVT7-infected cells were mock transfected () or trans-
fected with the P and the indicated wt or mutant L plasmids alone or in
pairs with L15 and each truncation. Cytoplasmic extracts were incu-
bated with wt polymerase-free RNA-NP and [-32P]CTP. RNA was iso-
lated and analyzed on an agarose urea gel as described under Mate-
rials and Methods. The exposure time of the film was the same for all
the lanes. The data from three experiments were quantitated and
expressed for the pairs as the percentage complementation (Comp.)
after subtracting the activity of the mutants alone compared to wt L as
100%. The values of the multiple experiments varied by less than 10%.
The position of the NP and P mRNAs is indicated.
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to correspond to the separate activities of the protein as
had been proposed (Poch et al., 1990; Sidhu et al., 1993).
One possibility for the commonality of phenotypes
throughout the protein is that the catalytic sites are
comprised of noncontiguous amino acids from through-
out the protein. In this case the various regions would be
dependent upon one another for activity. Alternatively,
the different regions of the L protein could act indepen-
dently in RNA synthesis. In support of the second hy-
pothesis, that of multiple independent domains, we have
demonstrated that many, but not all, pairs of L mutants
that alone are inactive in RNA synthesis can complement
one another and restore RNA synthesis in vitro (Fig. 5). In
some cases complementation is low; however, with in-
tragenic complementation this is typical. Repeated ex-
periments leave no doubt that the levels are significant.
Complementation occurred with representative mu-
tants in every region, except domain III, with three to five
other regions and with a truncation of 78 aa from the
C-terminus (Fig. 5). In each case complementation was
dependent on the coexpression of the L mutants (Fig. 7).
The level of complementation with some pairs of L mu-
tants was high for le (30–40% of wt L), with lesser levels
for transcription and replication. In fact if L is a dimer in
the polymerase complex, the maximum theoretical level
of complementation would be expected to be 50%, since
the two L polypeptides could each form a homodimer
and a heterodimer, but only the heterodimer would be
active. The gradient of efficiency of complementation
could well be related to the size of the products. Le
RNA is only 55 nt and is not further processed, while
mRNA synthesis entails a longer product that is capped
and methylated at the 5 end and polyadenylated at the
3 end. Replication requires the synthesis of full-length
genome RNA and its simultaneous encapsidation by NP.
Complementation did not necessarily occur for both
transcription and replication, since some pairs of mu-
tants restored transcription but not replication. It is not
known if the mRNA synthesized during complementation
is capped and methylated, but since it is full length we
assume that is the case. Stillman and Whitt (1999)
showed in VSV that the polymerase aborts transcription
early if the nascent RNA cannot be capped and methyl-
ated. To date, two mutants in domain III (E740S and an
additional domain III mutant) did not complement any
other mutants. Neither of these is in the essential GDNQ
(aa 772–775) sequence, but perhaps any mutation in this
region causes a more global misfolding that inactivates
the whole protein. Indeed this might also be the case for
mutants in other domains that do not complement. Not
FIG. 9. L protein forms an oligomer. (A) and (B) Duplicate VVT7-infected cells were transfected with P and the indicated FLAG and/or HA-tagged
full-length L plasmids. After overnight incubation cytoplasmic extracts were prepared and either separated by SDS–PAGE directly (Total Cell Extract)
or after immunoprecipitation (IP) with the indicated antibody. The proteins were transferred to a membrane and Western blotted (WB) with -HA (A)
or -FLAG (B) antibody. (C) VVT7-infected cells were transfected with P and the indicated HA-tagged full-length L and/or the FLAG-tagged L BaK
plasmids. After overnight incubation total cytoplasmic extracts were prepared, separated by SDS–PAGE, and blotted with both -HA or -FLAG
antibody. (D) Samples of (C) Lanes 4 and 5 were mixed and all the samples of (C) were immunoprecipitated with -HA antibody, separated by
SDS-PAGE, and blotted with -FLAG antibody. The positions of the tagged L and L BaK proteins are indicated.
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every mutant in a given domain can complement mutants
in other domains.
All of our L plasmids are expressed by and hence
dependent on infection by the vaccinia-T7 expression
system. It is known that poxviruses mediate recombina-
tion of plasmid DNA in infected cells (Colinas et al.,
1990), so it could be possible that wt L protein is being
generated from recombination between two L plasmids
during cotransfection. If this were the case, every pair of
L mutants would be expected to generate wt L and
restore RNA synthesis, which was not the case. Further-
more, positive complementation was not proportional to
the distance between the mutations in the L protein as
might have been expected if restoration of RNA synthe-
sis was a reflection of plasmid recombination.
One of the most striking results in support of multiple
independent domains in the L protein was that C-termi-
nal truncations of the protein could still complement the
defect in a mutant in domain I, in some cases more
efficiently than the full-length protein (Fig. 8). We showed
previously that all C-terminal truncations up to L BaK still
bind the P protein (Chandrika et al., 1995), so the L–L-
binding site must map within the N-terminal half of L.
Both the P and the C proteins also bind within the
N-terminal half of Sendai L, although only the location for
P binding in aa 1–350 is known (Chandrika et al., 1995;
Horikami et al., 1997; Holmes and Moyer, 2002). There is
precedent for intragenic complementation in the L gene
in rhabdoviruses (Pringle, 1987). Coinfection with tem-
perature-sensitive viruses of several serotypes of VSV
and of Chandipura virus showed that weak intragenic
complementation in the L gene occurred and the inves-
tigator suggested at that time that L is a multimeric
protein in its functional form. The studies of Netzer and
Hartl (1997) suggest that cotranslational, domain-wise
folding is the basis for the folding of many large eukary-
otic multidomain proteins, so it is not unreasonable that
the large Sendai L protein might contain multiple sepa-
rate domains.
The fact that complementation was dependent on the
cotranslation of the L mutants also suggested that L was
an oligomer in the polymerase complex. Oligomerization
was confirmed directly by the co-immunoprecipitation of
differentially epitope-tagged full-length and truncated L
proteins with tag-specific antibodies (Fig. 9). Structural
studies have shown that the P subunit of the polymerase
is a homotetramer coiled coil and the data suggest that
the ratio of L to P is 1:4 (Curran et al., 1995; Tabouriech
et al., 2000a,b). If this is the case the minimal constitution
of the polymerase would be L2P8. On the other hand it is
also possible that the ratio of subunits is L2P4. While we
suggest a model where the L protein oligomerizes and
then binds the P tetramer, it cannot be ruled out at the
present time that a P tetramer may bind two L monomers
that do not really dimerize. More definitive biophysical
studies will be needed to resolve the higher order struc-
ture of the Sendai RNA polymerase.
MATERIALS AND METHODS
Cells, viruses, plasmids, and antibodies
Human lung carcinoma cells (A549 cells, ATCC) were
used for all experiments. Recombinant vaccinia virus
expressing the phage T7 RNA polymerase (VVT7) (Fuerst
et al., 1986) was grown on A549 cells. Sendai virus
(Harris) and the Sendai virus defective interfering particle
were propagated on embryonated chicken eggs and
wild-type polymerase-free Sendai and DI-H templates
were prepared as described previously (Carlsen et al.,
1985). Plasmids encoding the Sendai virus genes,
pGEM-L, pGEM-NP, and pGEM-Pstop (expressing only
the P protein and not the C proteins, designated here as
pGEM-P), were described previously (Curran et al., 1991).
The Sendai L mutants constructed in the various do-
mains were described and characterized previously
(Chandrika et al., 1995; Cortese et al., 2000; Feller et al.,
2000; Horikami and Moyer, 1995; Smallwood et al., 1999,
2002). The genes were all cloned downstream of the T7
promoter. Antibodies utilized for immunoblot and immu-
noprecipitation assays were anti-FLAG M-2 monoclonal
antibody (-FLAG, Sigma) and anti-HA probe F-7 mono-
clonal antibody (-HA, Santa Cruz Biotechnology, Inc).
Construction of truncated and epitope-tagged
L genes
To construct the C-terminal truncations, pGEM-L was
digested with either DraIII and KpnI,MfeI and KpnI, BstXI
and KpnI, or StuI and KpnI to drop out increasing
amounts of the 3 end of L. The remaining region of
vector and L for each was blunted with T4 DNA polymer-
ase and ligated. The resultant clones were designated
DraIII-KpnI, MfeI-KpnI (Mfe), BstXI-KpnI, and StuI-
KpnI (L S-K), respectively. For HA and FLAG epitope
tagging the L protein the ()-sense HA primer SM530 (5
CTCTGCATGC ATGTACCCAT ACGATGTTCC AGAT-
TACGCT AGCTTGGGTG GTCCAATGGA TGGGCAGGAG
TCCTCC) and the ()-sense FLAG primer SM531 (5
CTCTGCATGC ATGATCGATT ACAAGGATGA CGATGA-
CAAG CTTGCAATGG ATGGGCAGGA GTCCTCC), re-
spectively, each with an SphI site at the 5 end, the tag,
and 17 nt from the ATG start site for L were used in PCR
with Vent polymerase and the ()-sense primer SM410
(5 CCCTGCTCGA GTCAACTTGT TCAGTATC) down-
stream from the XcmI site. The products were digested
with SphI and XcmI and cloned into those sites in pGEM-
LSphI/BstEII where SphI and BstEII sites had been in-
serted upstream of the 5 end of L DNA in pGEM-L
(Feller, J. and Moyer, S. A., unpublished data). The result-
ing clones were designated pGEM-HA-L and pGEM-
FLAG-L, respectively, and were confirmed by sequenc-
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ing. To construct a tagged L truncation, pGEM-FLAG-L
was digested with BamHI and KpnI, blunted, and re-
ligated to give p-GEM-FLAG-L BaK specifying aa 1–1147
of L with 29 aa extra.
RNA synthesis
For in vitro mRNA synthesis, 60-mm dishes of A549
cells were infected with VVT7 at a m.o.i. of 2.5 PFU/cell
for 1 h at 37°C and transfected with the P (1.5 g) and the
wt or mutant L (0.5 g) plasmids with Lipofectin (Life
Technologies) according to the manufacturer’s protocol
in Opti-MEM (GIBCO). In complementation 0.25 g of
each of the two mutant L plasmids and 1.5 g of P were
used for transfection. At 18 h posttransfection (p.t.) cell
extracts (100 l) were prepared by lysolecithin perme-
abilization in incomplete Reaction Mix (RM) [0.1 M
HEPES (pH 8.5), 50 mM NH4Cl, 7 mM KCl, 4.5 mM
MgOAc, 1 mM DTT, 1 mM spermidine, 1 mM each ATP,
GTP, and UTP, 10 M CTP, and 10% glycerol] as de-
scribed previously (Chandrika et al., 1995; Horikami et al.,
1992). The nuclei were removed and the extracts were
incubated with 20 g/ml micrococcal nuclease (MN)
plus 1 mM CaCl2 at 30°C for 30 min, followed by 2.2 mM
EGTA for inactivation of the MN. The nuclease-treated
extracts were then supplemented with 0.1 vol of 10
supplemental mix [45 mM MgOAc, 5 U/l RNasin, 200
g/ml actinomycin D, 400 U/ml creatine phosphokinase
(CPK), and 33 mg/ml creatine phosphate], 1 g poly-
merase-free wt Sendai nucleocapsid template (RNA-NP),
and 20 Ci [-32P]CTP, and the samples were incubated
for 2 h at 30°C. RNA was isolated using the Qiagen
RNeasy Total RNA kit according to the manufacturer’s
protocol and analyzed by 1.5% agarose/6 M urea gel
electrophoresis. To analyze le RNA synthesis, extracts
were prepared as for mRNA synthesis except the incom-
plete RM was supplemented to 1 mM CTP and no radio-
labeled CTP was added. Extracts were incubated with
2.5 g polymerase-free wt RNA-NP and treated with
proteinase K (250 g/ml), and the RNA was phenol/
chloroform extracted. RNA was separated by 8% acryl-
amide/8 M urea gel electrophoresis, electroblotted onto
Hybond-N-nylon (Amersham), and the le RNA was de-
tected using a complementary 32P-end-labeled oligonu-
cleotide probe as described previously (Chandrika et al.,
1995).
For in vitro replication, VVT7-infected cells were trans-
fected with the P (5 g), wt, or mutant L (0.5 g) and NP
(2 g) plasmids. At 18 h p.t. cell extracts were prepared
in incomplete RM supplemented with 4.5 mM MgOAc
and 0.5 U/l RNasin. Actinomycin D (20 g/ml), 50 Ci
[-32P]CTP, and 2 g polymerase-free DI-H RNA-NP tem-
plate were added; the samples were incubated for 2 h at
30°C and then MN treated to remove un-encapsidated
RNA. The nuclease-resistant nucleocapsid-associated
RNA was isolated using the Qiagen RNeasy Total RNA
kit, separated by 1.5% agarose/6 M urea gel electro-
phoresis, and visualized by autoradiography. All RNA
products were quantitated on a phosphorImager (Molec-
ular Dynamics).
Protein analysis
For protein expression by radiolabeling, A549 cells in
35-mm dishes were infected with VVT7 and then trans-
fected with pGEM-P (1.67 g) and wt or mutant pGEM-L
(1.67 g). Four hours posttransfection, cells were labeled
with Express-35S (100 Ci/ml, DuPont NEN) in medium
with 0.1 cysteine and methionine. Cytoplasmic extracts
were prepared at 18 h p.t. by scraping into 100 l NP-40
lysis buffer [0.15 M NaCl, 50 mM Tris–HCl (pH 8.0), 1%
Nonidet P-40 (NP-40), and 1 g/ml aprotinin]. The cell
lysate was clarified by pelleting for 30 min at 15,000 rpm.
Radiolabeled protein was analyzed by 7.5% SDS–PAGE.
For the analysis of the L–L interaction A549 cells in
60-mm dishes were infected with VVT7 and transfected
with pGEM-P (6 g) and pGEM-HA-L, pGEM-FLAG-L, or
pGEM-FLAG-L BaK (3 g) alone or in pairs of tagged
plasmids (1.5 g each). Cytoplasmic extracts were pre-
pared at 18 h p.t. in 200 l NP-40 lysis buffer. For immu-
noprecipitation the unlabeled cell extract (150 l) was
incubated with -HA (1 g) or -FLAG (2 g) antibodies
and selected with Protein A Agarose CL4B (Sigma). The
total (10 l of extract) and the immunoprecipitated sam-
ples were separated by 7.5% SDS–PAGE and electroblot-
ted onto PVDF membrane (Osmonics). The blots were
incubated with the primary antibody, -HA (0.4 g/ml), or
-FLAG (4 g/ml) antibodies, as indicated in the figure
legends and developed with HRP-conjugated rabbit anti-
mouse secondary antibody using the enhanced chemi-
luminescence (ECL) protein identification system (Amer-
sham Life Science).
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